As principal co-authors of this paper (Int J Impot Res 1999; 11: 327 ± 337), we now welcome the opportunity to respond to the editorial comments of Levine and Timm.
This research study 1 was performed to obtain a physiologic explanation why previous authors, such as Allen, 2 reported that Rigiscan TM values b 60% correlated poorly with axial rigidity values. In this study, we investigated for the ®rst time how radial and axial rigidity values varied with pressure over a wide range of physiologic pressure values.
In the following, we provide a point by point answer to the Editorial Comments of the two reviewers.
Dr Levine's editorial comments 1. F F F .the methods and formula relied upon in this particular study which are used to derive many of the conclusions in this article have not been validated or evaluated by other investigators.
The formulas have been validated. The ®rst two columns in Figure 2 1 show comparison of theoretical formulas (solid lines) with clinical measurements (data points), obtained independently. The formulas were derived in relatively recent publications. 3 ,4 with error analysis in 4 We actively welcome and encourage other investigators to perform similar or collateral engineering research in characterizing penile erection rigidity.
2. F F F the biophysics of thin-walled, elastic and expandable structures, such as the penis, has not been well developed
The penis is thin-walled but not a vacuous cylinder. (See our response to comment #6 below). A theory for penile axial rigidity has been successfully developed (See response to comment #1 above). However, a theory for penile radial rigidity (Rigiscan TM measurement) remains to be developed. The solid lines in column 3 of our Figure 2 1 are adaptations of the theoretical tunical volume formula to Rigiscan TM data suggesting that radial deformation to an applied radial force is a function of how much the tunica has been stretched. That is, once`full erection' has been achieved, corporal volume becomes constant, tunical surface area becomes constant, and Rigiscan TM readings become constant. Axial rigidity continues to increase with pressure but radial rigidity does not. We agree that theoretical work should be done to corroborate our suggestion that resistance to radial deformation is a function of the degree to which the tunica has been stretched, although the relationship appears to be intuitive.
3.
As of yet, it is unclear which surrogate measure of erection is the most accurate one. Axial rigidity was employed initially but was by necessity done in an unnatural setting F F F and would awaken the subject, thereby potentially comprising accurate measurement.
We agree that at the present time radial rigidity is easier to measure than axial rigidity. As clinicians, we presently do not have a universally-acceptable axial rigidity measuring device. The issue here, however, is what is the accuracy of the`easier to measure' device (Rigiscan TM ) in terms of its ability to predict in an individual subject the presence of a functional (axially rigid) erection. Our data would suggest that this is chancy. More effort should be directed at developing user friendly axial rigidity measuring devices.
4. Studies con®rmed the relationship between radial compressibility F F F intracorporal pressure F F F and axial buckling force (Newton's).
We agree that there is a relationship between intracavernosal pressure, radial compressibility (Rigiscan TM ) and axial buckling force based on Leonhard Euler's (born in Switzerland 1701 and died 1783) column buckling formula. That is because radial compressibility and axial buckling force are both strong functions of intracavernosal pressure. But the correlation between radial compressibility and axial buckling is far from perfect. Our clinical studies revealed individuals who have high Rigiscan TM readings but poor axial rigidity (false positive readings). See Figure 4 . 1 Treatment strategy based on Rigiscan TM measurements thus would be correct most of the time but would be incorrect for certaiǹ individual patients'.
An analogy is indicated here. Regarding the agreed upon correlation between radial and axial rigidity, there is almost certainly a similar positive correlation between the assessed value of a man's house and a family's salary income. The value of a man's house is easy to determine, while information on the family's salary income is more restricted. One could go to the town assessor's of®ce to estimate family's salary income but there will be`individual families' who, for individualized reasons, have a highly valued house but with low family salary income, or vice versa.
While radial and axial rigidity share a common dependence on intracavernosal pressure, they are also functions of other parameters which differ from each other. It has been shown 3,4,5 that axial rigidity is a strong function of cavernosal mechanical properties (percent smooth muscle) as well as penile geometry but is an extremely weak function of tunical mechanical properties (eg tunical elasticity as measured by its distensibility). 4 On the other hand our present paper presents evidence that radial rigidity depends strongly on tunical mechanical properties (surface tension). There is poor correlation between cavernosal and tunical mechanical properties. 3 5. Measurements of tunical wall pressure, possibly indirectly measured by intracorporal pressure may best re¯ect penile rigidity and capacity for intromission.
This reviewer is stating the classical but invalid notion that intracavernosal pressure alone is an adequate determinant of axial rigidity in an individual. 3 6. As I understand buckling, where there is an increasing axial force applied to a thin walled pressurized cylindrical vessel, this ultimately produces localized collapse of the vessel wall. This occurs when the radially directed wall force exceeds the inner vessel pressure on that wall segment.
When an axial force is applied to a column, there is no net inward radially directed wall force. There is a tangential (perpendicular to the radial direction) force on the wall due to elastic stretching, which has a vector component that balances the internal pressure on the segment due to curvature of the wall.
The penis is not a thin walled vacuous cylinder. The mechanical properties of the pressurized lacunar spaces, connective and erectile tissue of the corpora cavernosa play a major role in penile axial rigidity. Buckling of a column occurs as a result of bending of the core of the column about its neutral surface. Buckling has little to do with the column's thin walls, if the walls have only tensile strength but no compressive strength.
The comment by the reviewer is almost equivalent to saying that a steel reinforced, axially-loaded, concrete column supporting a building structure will have a tendency to buckle which depends on the properties of the marble veneer cosmetically surrounding the concrete core, rather than on the concrete core itself. Deformation, on the other hand, due to an applied radial force would depend only on the marble veneer's mechanical properties. If we consider several columns, each with different types of marble veneer and different degrees of reinforced concrete cores, there would be no correlation between their axial and radial rigidities. The reason that there is a positive (but imperfect) correlation, in the case of a penis, is that both axial and radial rigidities share a common dependency on intracavernosal pressure. Continuing the analogy, if the diameter to length ratios of the concreteamarble veneer columns were changed, then the axial, but not the radial rigidity, would change, as in the case of the penis.
7. Thus the method for measuring penile rigidity by determining its ability to resist a radial compressing force is related to the organ's ability to withstand an axial load.
Axial and penile rigidity are related due to a common dependence on intracavernosal pressure. The fact that axial and penile rigidity both have a common dependence on intracavernosal pressure does not necessarily imply that they have a strong dependence on each other, especially if there are additional factors separately affecting axial and penile rigidity.
8. The mathematical relationship between axial load and localized wall collapse is as yet undetermined Axial loads which cause the penile column core (comprised of pressurized lacunar spaces, connective and erectile tissue) to buckle cause the surrounding tunica wall to collapse. The converse is not true ± tunical wall collapse DOES NOT cause the penile erectile tissue core to buckle in response to an axial load.
9. In fact the primary goal is to be able to measure adequate rigidity for intromission which the penis needs to accomplish intromission.
We strongly agree with this statement and with the conclusion that axial rigidity is the most appropriate method to assess adequate rigidity for intromission.
10. F F F if axial pressures and radial pressures are not related in a linear fashion beyond the level of adequate rigidity for intromission, it likely has no useful clinical signi®cance and would be a scienti®cally arguable but irrelevant point.
Neither are they linearly related below the level for intromission. The point is that there arè individual patients' whose Rigiscan TM measurements give false positive readings of axial rigidity (Rigiscan TM readings as high as 85%) with axial rigidity so low that intromission would be unlikely with any partner. See Figure 4 . 1 11. The goal F F F is to determine how F F F (an) F F F individual's erection compares to the pressure necessary to accomplish intromission with his partner. Certainly no accepted measures of this intromission pressure have been accepted.
The last sentence above appears to be at variance with this reviewer's comments #5. The most important measure of an individual's erection quality that determines the ability to achieve intromission is Letter to the Editor D Udelson and I Goldstein axial rigidity. Variables such as radial deformation (or tunical wall pressure) or intracavernosal pressure are inadequate alone to determine this capability. We agree that there is no absolute value of intracavernosal pressure which is consistent with intromission with a given partner. This is because axial rigidity is dependent upon penile geometry, penile mechanical properties as well as intracavernosal pressure.
12. There are clearly many factors which will make intromissibility vary, including vaginal size, lubrication and partner receptivity.
There are also important factors other than partner related ones, such as dependence on penile geometry and cavernosal tissue mechanical properties.
13. F F F the Rigiscan TM device does appear to provide an acceptable tool for the physician or investigator to obtain some insight into nocturnal erectile activity and the subject's real-time response to investigational drugs.
We agree. We feel a useful function of Rigiscan TM is to record in an individual a baseline study of radial rigidity. Any intervention, such as drug administration or bicycle riding, would then be performed on the individual and the Rigiscan TM recording is repeated. Any change from baseline should re¯ect a change in intracavernosal pressure. Comparing post-to preintervention Rigiscan TM measurements obviates the Rigiscan TM 's problems of not being sensitive to individual penile geometry and individual penile mechanical tissue properties, since these will not change during the intervention. A single Rigiscan TM measurement in an individual, however, is chancy in its ability to predict functional penile rigidity.
14. The Rigiscan TM system is a useful and possibly the best testing tool available today to discriminate between organic and psychogenic erectile dysfunction and should not be discarded.
Our research study did not address the ability of Rigiscan TM to discriminate between organic and psychogenic erectile dysfunction. We do not believe there are data to support the use of Rigiscan TM in this fashion. The end purpose of our paper is a call to action for development of a new device that measures axial rigidity directly in a relatively simple way, in order to improve diagnostic ability, so that better treatment strategies can be devised for certain individual patients whose impotence disorders are not correctly assessed by the Rigiscan TM device. One possibility for a simple axial rigidity device could be based on measurement of geometry and pressure with the axial rigidity calculated by the clinically validated theoretical formula. 4 (Penile mechanical properties would be inferred from the geometry vs pressure measurements.) 3, 4, 5 Editorial comments made by Gerald Timm 
This comment is similar to the previous reviewer's comment #10. The clinical relevance is that some`individual patients' with radial rigidity (Rigiscan TM ) values in excess of 60% and as high as 85% have been observed in our series of clinical tests to have axial buckling forces that are not only less than 1.5 kg, but less than 0.5 kg which most clinicians would characterize as always buckleable. Again, see Figure 4 . 1 3. F F F axial buckling force measurements fail to record the ability of an individual to maintain an erection, another key parameter in assessing erectile capability. This renders them of dubious clinical value to practitioners evaluating or treating erectile disorders.
Rigiscan TM is capable of assessing an individual's ability to maintain radial rigidity over time. The clinical signi®cance to the individual of the radial rigidity measurement is the research goal of this paper. We believe that axial buckling, not radial deformation, best de®nes the patient's ability to have a functional erection. As expressed in our response to comment #14 of the previous reviewer, one objective of this paper was to encourage development of a more user friendly device that not only records axial rigidity but may also do this over time. Such a device would be of great clinical value to practitioners evaluating or treating erectile disorders.
4. As the authors cited, previous investigators have con®rmed the interpretation guidelines originally established for radial stiffness (rigidity) values as measured by the Rigiscan TM system: namely (a) a radial stiffness less than 30 ± 40% corresponded to an erection inadequate for vaginal intromission, (b) above 60 ± 70%, the penis becomes unbuckleable.
We do cite previous investigators who claim that the penis becomes unbuckleable for radial stiffness (Rigiscan TM ) values above 60%. In our study, we observed several individuals who had very poor Letter to the Editor D Udelson and I Goldstein axial rigidity with Rigiscan TM values exceeding 60%. See our response to comment #2 above.
5. Patients were excluded from the study`If the pharmacocavernosometry study was incomplete, if the patient had penile curvature precluding accurate buckling determination, if F F F ' etc.
Patients were not excluded because their buckling force patterns did not agree with our conclusion. They were excluded because, for one reason or another, we were unable to calculate or measure those patterns.
6. No mention is made of the numbers of patients who were excluded from this study F F F Approximately 10% were excluded for one of the reasons mentioned.
7. F F F the criteria constituting`accurate axial buckling measurement' are not disclosed.
Accuracy to 0.10 kg was reported in our paper. 4 8. Would the penile curvature have prevented these excluded subjects from having satisfactory intercourse?
Curvature, congenital or acquired (Peyronie's disease), would not necessarily have prevented those excluded subjects from having satisfactory intercourse. Curvature prevented us from being able to accurately determine buckling force because buckling is simply de®ned as the onset of curvature as a result of axial forces. Nevertheless, our paper is a call to action for the design of a new axial rigidity measuring device that does not actually require an axial force to be applied. See our response to the previous reviewer's comment #14.
9. The Rigiscan TM system can be applied to these patients as well as to any of the others excluded from this study It may be possible to obtain a Rigiscan TM reading. But the readings would likely have the same degree of inaccuracy in predicting ability to achieve vaginal intromission as for the cases reported. The point missed is that axial rigidity could possibly be determined using our theoretical formula without actually applying a force to observe buckling. See column 2 of Figure 2 . 1 The formula is not accurate for certain identi®able (low distensibility) patients, 4 but we believe that improvements may be achieved in the way measurements are made and expect to report on this in a future paper. Rigiscan TM may measure radial rigidity well although questions have been advanced regarding its accuracy (see, for example, reference 9). However, no amount of improvement in measuring radial rigidity will improve Rigiscan TM 's accuracy in assessing axial rigidity.
10. Dynamic infusion studies to produce penile erections combined with axial buckling force measurements are unreliable, invasive and operator dependent, greatly limiting their practicality and reproducibility.
While dynamic infusion studies procedures are operator dependent and somewhat invasive, we do not agree that the measurements obtained during carefully performed dynamic infusion studies in centers that are familiar with the technique are unreliable. After all, a publication examining radial and axial rigidity measurements in a small number of patients using data from dynamic infusion studies was supported by Dr. Timm in 1987 to justify the validity of the Rigiscan TM . 7 But there is every reason to believe that improved methods of non-invasive axial rigidity determinations can be accomplished. We are working on this and invite others to do the same. (See our response to the previous two comments).
11. This (unreliability) was con®rmed by the unreported number F F F of excluded patients and F F F the requirement F F F (of) F F F a second observer F F F Rigiscan TM rigidity F F F can be conducted reliably, reproducibility and untended.
As stated above, the number of excluded patients was approximately 10% of the total number studies (about 50 in all of our investigations). Our exclusion of certain patients and the presence of a second observer were for the purpose of achieving utmost scienti®c accuracy. We agree that present methods of measuring axial buckling is a painstaking procedure. That is why we are sounding the call to action along the lines suggested in our response to the previous reviewer's comment #14. Timm states, Rigiscan TM readings are simple to obtain and reproducible (although its reproducibility has been questioned 9 ). But Rigiscan TM does not measure axial rigidity, and for the false positive readings shown in our Figure 4 , 1 reproducibility means that such patients would consistently be misdiagnosed by Rigiscan TM .
12 No report of infusion rate was given. This would seem to be quite important in examining the ability of a thin-walled, pressurized, leaky vessel to resist buckling, and even more important when using the pressurized vessel as a controlled, characterizable model to compare two methods of assessing buckling resistance.
The corpora cavernosa are thin walled but not vacuous vessels. See our response to comment #6 of the previous reviewer. The majority of our patients had normal or near normal corporal veno-occlusion and we excluded patients with severe corporal veno-occlusive dysfunction. The infusion¯ow rates varied from 0 ± 9 mlamin. We are, however, not interested in the infusion rate measurements per se. Infusion rates are of importance in axial rigidity measurements only to the extent that they determine intracavernosal pressure which we measured directly.
13. Support for the authors' assertion that the sensitivity of axial rigidity to penile geometric properties such as¯accid diameter and penile aspect ratio were based on observations from two of the subjects. The small data spread in these two patients makes assertion questionable.
There is a large mass of data and theory that penile geometry is a determinant of axial rigidity.
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Such information comes from: 1) Puech-Leao's experiments with water-®lled balloon, 8 2) our own data in the present and previous papers, 1,3 ± 5 and 3) Leonhard Euler's over 225 year old time proved engineering column buckling theory. Our conclusions regarding the effect of geometry on axial rigidity is certainly not based on observations of only two patients. These two patients were part of the group of six presented in Figures 2 and 3 , chosen as typical examples of the much larger population studied and reported in the literature. While penile geometry is less signi®cant to axial rigidity than intracavernosal pressure and erectile tissue mechanical properties, penile geometric factors can be the important difference in cases of borderline intracavernosal pressure values. Does Dr Timm believe that a thin tree as tall as a thick tree, and made of the same wood, would have the same axial rigidity? The answer is that it would not. However, it would have the same radial rigidity and this is one of the problems with use of radial deformation measurements.
14. F F F radial rigidity values obtained from the Rigiscan TM system were as sensitive as axial rigidity values to these two F F F (geometrical) F F F properties, contrary to the authors' interpretation.
There is no theoretical or even intuitive reason why a device which records deformation to a squeezing force by creating an arbitrary radial rigidity would be sensitive to the measurement of diameter to length ratio (penile aspect ratio) or the measurement of penile diameter. A Rigiscan TM rigidity value of a penis of 1 inch circumference and 3 inches in length at a given intracavernosal pressure would be no different in a similar penis of equal circumference, equal intracavernosal pressure and 8 inches in length. Yet the axial rigidity would be quite different in these patients.
15. This study reports the results of axial buckling force measurements versus Rigiscan TM base loop radial rigidity for arti®cially induced erections using saline infusion. Saline infusion hydrostatically delivers an equally distributed pressure throughout the corporal bodies. Uniform distribution of corporal pressure in penile erections is at variance with clinical case reports that frequently exhibit differing base and tip rigidity again calling into question the validity of the experimental model used by this investigative team.
The principles of¯uid statics dictate that pressure must be the same everywhere (assuming gravity forces are not important) in interconnected channels whether blood or saline ®lls the corpora. Rigiscan TM readings could be different in base versus tip measurements since radial rigidity is sensitive to tunical wall tension in addition to intracavernosal pressure. But, there can be only one axial rigidity (buckling) number for given parameters.
16. F F F buckling of thin walled, pressurized vessels occurs by localized collapse of the vessel wall F F F when the radially directed wall force exceeds the inner vessel pressure on that wall segment.
This comment is virtually identical to the previous reviewer's comment #6. See our response above to that comment.
17. F F F axial buckling force measurements, when they can be applied, give no indication of location of penile buckling which could be useful in assessing penile shaft abnormalities.
Buckling is not necessarily localized. Assuming a model with uniform material a buckling column bends simultaneously in all planes perpendicular to the shaft axis about their neutral axes. Granted that a penis may deviate from uniformity, axial rigidity measurements do not reveal the location of penile shaft abnormalities, but only that some kind of abnormality exists.
18. The authors draw our attention to the extreme sensitivity of axial buckling loads to increases in intracavernosal pressure relative to radial rigidity values, particularly at the higher pressure values. Above a 1.5 kg axial load F F F the individual has an erection satisfactory for intercourse, and increases in rigidity beyond this F F F (have) F F F little or no known diagnostic signi®cance.
The point of studying patients in this study with axial rigidity values over 1.5 kg was to establish the relationship of axial and radial rigidity over a wide, physiologic range of intracavernosal pressure values, from¯accid to 70 mmHg above¯accid. We found that at high intracavernosal pressures, axial rigidity is very sensitive to changes in pressure whereas radial rigidity is not. At low intracavernosal pressures, the converse was true. See columns 2 and 3 of Figure 2 . 1 Thus patient NL in the Figure was observed to have a radial rigidity over 80% at 30 mmHg pressure difference while the axial rigidity was less than 0.5 kg. The explanation for the different behaviours of axial and radial rigidities with pressure is that the two rigidity values are dependent on dissimilar parameters, other than pressure. This would be true at low as well as at high intracavernosal pressures.
19. F F F for radial rigidity above 60 ± 70%, an individual had an unbuckleable penis F F F Not true. As stated before, see Figure 4 , 1 there are individual patients with Rigiscan TM readings exceeding 60 ± 70%, and as high as 85% whose penis would buckle with any partner.
20. This paper is very misleading to readers in that it attempts to discredit a very useful clinical tool by questioning its linearity (not its accuracy, or reliability, or usefulness) in a measurement range of unknown clinical signi®cance.
Based on the ®ndings of our study, we strongly question the accuracy, reliability and usefulness of Rigiscan TM to measure adequate rigidity that is consistent with intromission capability in an individual. Our measurement range varied between accid pressures to 70 mmHg above¯accid. This is a Certainly, a dynamic cavernosometry procedure performed in a clinical setting is more invasive that obtaining a Rigiscan TM measurement. Our paper is simply presenting the arguments that: (a) measurement of axial rigidity is the primary goal, (b) Rigiscan TM does not measure axial rigidity, and (c) there is need for further research to develop a simple device that does (with suf®cient reason to believe that the state of the art makes it possible).
